Penicillin biosynthesis in filamentous fungi is one of the best-understood cases of secondary metabolite production. The onset of penicillin production can be triggered by both environmental factors, such as nutrients, and endogenous metabolic signals (14, 18, 23) , although the genetic basis for control of penicillin production is still unclear. The penicillin biosynthesis pathway consists of three enzymes, 5(L-aL-aminodipyl)-L-Cysteinyl-D-valine (ACV) synthetase (ACVS), isopenicllin N synthetase (IPNS), and aminopenicillanic acid acyltransferase, which together catalyze the formation of penicillin from its amino acid precursors (23) . IPNS catalyzes the rate-limiting step in penicillin biosynthesis (23) , and thus regulation of IPNS expression may play a key role in controlling the entire biosynthetic pathway. The gene which encodes IPNS has been cloned and characterized for Penicillium chrysogenum (1, 4) and Aspergillus nidulans (15) . In both P. chrysogenum and A. nidulans, the three genes encoding ACVS, IPNS, and aminopenicillanic acid acyltransferase are organized as a gene cluster (12, 24) . The Penicillium genespcbC and penAB, which encode IPNS and ACVS, respectively, are immediately adjacent to each other and are divergently transcribed, with a 1.16-kb intergenic region serving as a regulated promoter for both genes (24) .
It has been assumed that multiple factors are involved in the regulation of penicillin biosynthesis, even though the molecular basis of these postulated controls remains to be elucidated. As with many secondary metabolites, penicillin is produced in a growth stage-dependent manner (13, 18, 25) . Nutrients such as glucose or ammonium can also modulate penicillin production (5, 14, 21, 23) . These observations led to the speculation that certain wide-domain regulatory circuits, such as carbon catabolite repression and nitrogen catabolite repression, may play an important part in the control of penicillin biosynthesis.
Evidence for transcriptional regulation of the IPNS structural gene is primarily derived from studies with A. nidulans.
The expression of lacZ and uidA reporter genes driven by the ipnA-acv intergenic region was apparently repressed by glucose (2, 17) but was only slightly repressed by ammonium (17) . Promoter deletion analysis revealed negatively acting elements in the ipnA promoter region (19) . Recent work has demonstrated that the ipnA gene is also regulated by pH, mediated by the pacC gene (6) .
Investigation of the regulation of the pcbC gene, encoding IPNS in P. chrysogenum, the industrial penicillin-producing strain, has been delayed because of a lack of facile genetic analysis and also the lack of transformation and gene-targeting techniques for Penicillium spp. Although the overall patterns of penicillin production are similar in Aspergillus and Penicillium spp., it appears that significant differences exist in the regulation of the IPNS structural gene in these two filamentous fungi (11, 20) . When the Penicillium pcbC promoter fused to a lacZ reporter was transformed into A. nidulans, lacZ expression was repressed by both glucose and ammonium (11) , whereas in contrast, the Aspergillus IPNS gene itself is apparently regulated by glucose repression but not by nitrogen repression (17) . These results suggest that a detailed investigation of the expression and regulation of the Penicillium IPNS gene is needed.
To analyze the regulatory function of the pcbC-penAB intergenic region in P. chrysogenum, we constructed a genetargeting plasmid vector by using a truncated niaD gene (8) (Fig. 1) . The 0.53-kb HindIII-PstI fragment containing the cycl transcriptional terminator from pBC1003 was subcloned into Bluescript SK(-), and the 1.8-kb PstI-PstI uidA gene fragment from pARJ260 was then inserted in the PstI site, giving plasmid pU, which has the uidA gene with the cycl terminator at its 3' end. Plasmid pU-penAB containing the penAB::uidA fusion was constructed by cutting pBC1003 with SmaI and XbaI, recovering the 1.16-kb small fragment containing the penAB-pcbC promoter region, and inserting the small fragment into pU between the SmaI and XbaI sites. pU-pcbC bearing the pcbC::uidA4 fusion was constructed by cutting pBC1003 with XbaI, filling in with Klenow fragment, recutting with BamHI, recovering the 1.16-kb fragment containing the penAB-pcbC promoter region, and inserting this fragment into the BamHI and SmaI sites of pU. The final two plasmids, pUN-penAB and pUN-pcbC, were constructed by cutting pU-penAB or pU-pcbC, respectively, with HindlIl, filling in with Klenow fragment, recutting with NotI, and subcloning the 3.5-kb fragment containing the fusion gene into the NotI and SmaI sites of pNIAD. The direction of the penAB-pcbC intergenic region with respect to the uidA reporter gene in each final construct is shown in Fig. 1 Fig. 1 .
The 3.3-kb SalI-EcoRI DNA fragment, which contains the truncated niaD gene, was subcloned into Bluescript SK to give plasmid pNIAD. This DNA fragment contains most of the niaD gene protein-coding region and the transcriptional terminator but has the promoter, the ATG initiation codon, and the sequence which encodes the first 12 amino acids deleted.
The uidA gene, which encodes ,-glucuronidase, was chosen as a reporter gene because P. chrysogenum possesses a very low endogenous background level of this enzyme. We also examined endogenous I-galactosidase activity in P. chrysogenum, but the enzyme level was found to be too high during all growth stages to utilize lacZ as a reporter gene.
The pcbC-penAB intergenic promoter region was fused to the uidA4 gene in both orientations, in order that the 3-glucuronidase reporter could be used to assess the pattern of regulation and expression exerted over each of these two divergently transcribed structural genes. In both cases, the uidA4 ATG start codon was utilized. These constructs were inserted into pNIAD to yield vectors containing the truncated niaD gene for targeting, the reporter fusion penAB::uidA or pcbC::uidA, and the cycl transcriptional terminator. A detailed description of the constructions is given in Materials and Methods, and the transcriptional fusions between uidA and pcbC-penAB intergenic promoter region are detailed in Fig. 2 (Fig. 3) The recombination events which occurred during transformation are shown in Fig. 4 . The vector was inserted to the chromosome in such a way that the direction of transcription of the fusion genes is opposite to that of the niaD gene, so that the expression of these two genes should be independent.
Moreover, the 6-kb DNA sequence situated upstream of the fusion genes should be sufficient to shelter the fusion genes from possible distant chromosomal elements.
Six transformants, including the four possessing single-copy integrated pUN-penAB and pUN-pcbC plasmids, were further examined by Southern blotting after EcoRI digestion with uidA DNA as a probe (Fig. 3c) . The pUN-penAB transformants showed a 2.6-kb band, whereas the pUN-pcbC transformants showed a 3.2-kb band, exactly as predicted from the orientation of the penAB-pcbC promoter region in these two constructs (Fig. 1) . The genotypes of these transformants are given in fusion gene, expressed higher levels of the enzyme activity than transformant 19, which has a single copy fusion gene. Transformants S and 16 represent negative controls which lack any fusion genes; neither expressed any P-glucuronidase activity.
The pcbC promoter and the penAB promoter mediate both nitrogen repression and glucose repression. Transformant strains 6 and 19, which carry a single copy of the uidA reporter gene fused with the penAB promoter or the pcbC promoter, respectively, were used to examine whether the function of these promoters was affected by carbon or nitrogen catabolite repression. Four contrasting growth conditions were tested: (i) glucose repression and ammonium repression (the medium contains 4% glucose and 40 mM NH4Cl), (ii) glucose derepression and ammonium derepression (4% lactose, 10 mM alanine, and 20 mM urea), (iii) glucose repression and ammonium derepression (4% glucose, 10 mM alanine, and 20 mM urea), and (iv) glucose derepression and ammonium repression (4% lactose and 40 mM NH4Cl). Mycelial samples were removed at different time points following inoculation with seed culture (see Materials and Methods), and both the dry weight and the 3-glucuronidase activity of each sample were determined (Fig. 5) . The growth rates were quite similar in the different media, and cells reached the stationary stage at between 48 and 72 h (Fig. 5A and B) . The activity of the pcbC promoter was severely reduced by the presence of glucose and ammonium, as revealed by the very low-level expression of the reporter enzyme activity in transformant 19. As shown in Fig. SC , during the first 24 h, pcbC promoter activity was relatively low under all four growth conditions. The activity increased after 24 h and peaked at 48 h but only for cultures in which both glucose repression and ammonium repression were lifted. When compared with the increase in biomass (Fig. 5A) , the elevated promoter activity lagged approximately 24 h after inoculation of the seed culture but reached its peak before the stationary growth phase. With glucose and/or nitrogen repression,pcbC promoter activity was almost totally absent, as reflected in the lack of expression of the reporter enzyme.
Nitrogen repression appeared to have a stronger repressing effect than did glucose repression upon the pcbC promoter. Only very little 3-glucuronidase activity was expressed during nitrogen repression alone. In contrast, when the cells were subject only to glucose repression, substantial activity was detected (approximately 30% of that observed for cells derepressed for both carbon and nitrogen). However, the increased activity observed in the glucose-containing culture in the late growth stage (96 h) was probably due to depletion of glucose in the culture, thus lifting glucose repression (16) .
The activity of the penAB promoter, examined in transformant 6, appeared to be 10 times lower than that of the pcbC promoter, as determined with the same reporter, 3-glucuronidase (Fig. 5D ). The penAB promoter was also strongly affected by glucose and ammonium repression; only during derepression for carbon and nitrogen was a substantial level of expression reached. Under this condition, the reporter enzyme level peaked at 12 h and remained high until 72 h (Fig. SD) . In contrast to the case of pcbC promoter, glucose had a more severe repressing effect uponpenAB promoter activity than did ammonium. The divergently transcribed penAB and pcbC structural genes are similarly regulated by nitrogen, carbon, and developmental growth controls. However, there are clear differences in the precise control and timing of their expression. Our reporter studies indicate that the penAB gene is expressed considerably earlier, after 12 h of growth, than is pcbC, whose expression is not obvious until approximately 24 h of growth. Since penAB encodes the first enzyme complex of the biosynthetic pathway, this may help explain its earlier expression. Another interesting distinction is that the penAB promoter seems more sensitive to carbon than to nitrogen catabolite repression, while the pcbC promoter is more sensitive to nitrogen catabolite repression. These features indicate that although these two genes are regulated by a common 
